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Influence of lamination aspect ratios and test methods on 1 
rolling shear strength evaluation of cross laminated timber 2 
 3 
Minghao Li1, Wenchen Dong2, and Hyung-suk Lim3 4 
 5 
ABSTRACT 6 
Rolling shear (RS) strength may govern load carrying capacity of cross laminated timber (CLT) subjected 7 
to high out-of-plane loading because high RS stresses may be induced in cross layers and wood typically 8 
has low RS strength. This study investigates RS strength properties of none-edge-glued CLT via 9 
experimental testing (short-span bending tests and modified planar shear tests) and numerical modelling. 10 
CLT specimens with different manufacturing parameters including two timber species (New Zealand 11 
grown Douglas-fir and Radiata pine), three lamination thickness (20 mm, 35 mm, and 45 mm) and 12 
various lamination aspect ratios (4.1~9.8) were studied. The lamination aspect ratio was found to have a 13 
substantial impact on RS strength of CLT. Higher aspect ratios led to a significant increase of RS strength 14 
and an approximately linear relationship could be established. With similar lamination aspect ratios, the 15 
Radiata pine CLT had higher RS strength than the Douglas-fir CLT. The two different test methods, 16 
however, yielded comparable RS strength assessments. Numerical models were further developed to 17 
study the influence of the test configurations and gaps in the cross layers on stress distributions in the 18 
cross layers. It was also found the compressive stresses perpendicular to grain in cross layers had 19 
negligible influence on the RS strength evaluations.  20 
KEYWORDS:  
Cross laminated timber, rolling shear strength, lamination aspect ratio, short-span bending, planar shear, 
numerical modelling, Douglas-fir, Radiata pine 
 
1. Introduction 21 
Wood is a cylindrical anisotropic material composed of longitudinally aligned fibers which yield 22 
significantly different mechanical properties in longitudinal, tangential and radial directions. This natural 23 
characteristic contributes to both in- and out-of-plane mechanical properties of cross laminated timber 24 
(CLT) which is composed of multiple layers of timber laminations assembled orthogonally using mostly 25 
structural adhesive systems. Specifically, considering that flat-sawn boards are used in CLT 26 
manufacturing, perpendicular-to-grain shear properties along cross-sectional (i.e. tangential- and radial-27 
longitudinal) planes affect the composite system’s flexural strength and stiffness. Under out-of-plane 28 
loads, shear stresses induced along the cross-sectional planes will cause the wood fibers to roll over 29 
others. This phenomenon is called rolling shear (RS) mechanism. The RS properties may govern the 30 
design of CLT panels as per the ultimate limit state (strength) design. In literature, RS properties were 31 
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found to be affected by test methods (Aicher et al., 2016), manufacturing processes (Fink, et al. 2018), 32 
and lamination characteristics such as species, sawing patterns, and aspect ratio γ= wℓ/tℓ, defined as the 33 
ratio between lamination width wℓ and thickness tℓ (Ehrhart & Brandner, 2018).  34 
According to Wood Handbook (2010), RS strength of typical softwood species varies typically between 35 
18% and 28% of its parallel-to-grain (i.e., longitudinal) shear strength. In Eurocode 5 (2008), the 36 
characteristic RS strength value τrs,k is 1.0 MPa regardless of the timber strength class. According to 37 
European Standard EN 16351 (2015), for edge-glued CLT manufactured by common softwood including 38 
Norway spruce (Picea abies), τrs,k is 1.1 MPa; for non-edge-glued CLT with γ≥ 4, τrs,k is also 1.1 MPa; and 39 
for other cases, τrs,k of 0.7 MPa should be used. Similarly, in North America, the minimum lamination 40 
aspect ratio γ of 3.5 is recommended for non-edge-glued CLT and τrs,k =1.0 MPa is specified for CLT 41 
made out of the Spruce-Pine-Fir species group (ANSI/APA PRG 320, 2018). These internationally 42 
acknowledged standards specify the τrs,k for the timber laminations exceeding the minimum γ  in non-43 
edge-glued CLT but do not explicitly address the influence of γ on RS strength when γ exceeds the 44 
minimum ratio. 45 
It was reported that lamination geometry has a strong influence on RS strength properties of CLT, 46 
especially for non-edge-glued ones. Ehrhart et al. (2015) stated that there was a positive relationship 47 
between RS strength and γ, based on two-plate shear test results from 30 mm-thick Norway spruce 48 
laminations with γ  = 2, 4, and 6; and characteristic RS strength τrs,k of 1.4 MPa was proposed for γ ≥ 4. 49 
The influence of γ on the RS properties was also confirmed by finite element (FE) analyses in the paper, 50 
which showed that the corners of each cross lamination experienced normal stress concentration due to 51 
the shear stress release on free edges. The stress concentration becomes more severe as γ decreases. 52 
Christovasilis et al. (2016) also reported a similar positive relationship between γ and RS strength based 53 
on four-point bending tests on three-layer CLT using Norway spruce laminations with γ = 7.9 and 2.7. Li 54 
(2017) found that RS strength was increased by more than 17% as the aspect ratio increases from 4.7 to 55 
9.8 based on short-span bending tests and modified planar shear test results of New Zealand Radiata pine 56 
CLT. Sikora et al. (2016) evaluated the effect of lamination thickness on RS strength of Irish Sitka spruce 57 
CLT under bending loads and observed that RS strength was adversely influenced by increasing CLT 58 
thickness. The test results also confirmed the CLT specimens with 20 mm thick laminations (with γ=4.8) 59 
had significantly higher RS strength than the specimens with 40 mm thick laminations (with γ=3.7). 60 
Jakobs (2005) also confirmed the effect of γ on RS properties by simulating the out-of-plane behaviour of 61 
three-layer CLT panels using FE models.  62 
Similar to the test methods to evaluate RS properties of plywood, short-span bending tests and two-plate 63 
shear tests (sometimes also called planar shear tests) in ASTM D2718-18 (2018) can be used for CLT. In 64 
the short-span bending tests, specimens are loaded with a small span-to-depth ratio, for example, 5~6, to 65 
encourage RS failure mechanism in cross layers. In the two-plate shear tests, shear loads are applied by 66 
two metal plates face-glued onto face layers of CLT. Mestek et al. (2008) studied the influence of shear 67 
deformation of cross layers on load carrying capacity of CLT beams by conducting three-point bending 68 
tests. Zhou et al. (2014) used short-span bending tests and two-plate shear tests to study RS strength and 69 
stiffness properties of CLT made out of Canadian black spruce. Li (2017) used short-span bending tests 70 
and modified planar shear tests (based on NZS 2269.1:2012 test standard for plywood) to evaluate RS 71 
strength properties of CLT made out of New Zealand Radiata pine laminations. Other than the two 72 
commonly used methods, Li et al. (2014) and Lam et al. (2016) used torsional shear testing to evaluate 73 
RS strength of CLT in which cross layers were machined to have an annular cross-section to facilitate RS 74 
failure mechanism. However, the torsional shear specimens required a significant amount of machining 75 
effort to cut the cross layers.  76 
The objective of this study is to develop a comprehensive test database of RS strength properties of CLT 77 
manufactured by Radiata pine (RP) and Douglas-fir (DF) timber laminations and to study the influence of 78 
lamination aspect ratio γ on the RS strength of non-edge-glued CLT when γ exceeds 4. The study also 79 
examines the influence of two commonly used test methods (short-span bending and planar shear) on RS 80 
strength evaluation. Numerical models are also used to understand non-uniform stress distributions and 81 
the effect of compressive stresses perpendicular to grain in the CLT specimens tested under two different 82 
test configurations.  83 
2. Materials & Test Methods 84 
Short-span bending test specimens and modified planar shear test specimens were sampled from full-size 85 
CLT panels pressed using a vacuum press on a commercial production line. One-component polyurethane 86 
adhesive was used to apply face gluing between laminations. The CLT panels consisted of three layers 87 
with equal thickness and had a size of 2×3 m or larger. Since they were non-edge-glued, small widthwise 88 
gaps of 0.2~2mm existed between the laminations. The laminations had three thicknesses (20 mm, 35 89 
mm, and 45 mm) and the aspect ratio γ varied between 4.1 and 9.8. Sawing patterns of the laminations 90 
were not considered in this study considering mixed sawing patterns are typically used in commercial 91 
CLT production. SG8 grade timber (average Modulus of Elasticity or MOE = 8 GPa) was used for the 92 
laminations except that SG6 grade timber (average MOE = 6 GPa) was used for the cross layers of the RP 93 
specimens. SG8 is the most commonly used timber grade in New Zealand timber construction (NZS3603, 94 
1993).  95 
Table 1 lists the test matrix and lamination properties. Combining two wood species (DF and RP) and 96 
three lamination thicknesses, a total of six CLT configurations were studied. For each configuration, the 97 
supplier provided some 0.5×2.0 m CLT strips from big CLT panels and we sampled our specimens from 98 
those strips randomly. Both short-span bending and modified planar shear test method were used. Thirty 99 
replicates were tested for each CLT configuration and each test method. For simplicity, in the following 100 
context, DF20 refers to the DF CLT with 20 mm thick laminations, and similarly RP45 refers to the RP 101 
CLT with 45 mm thick laminations. Table 2 lists the measured densities and moisture contents of the 102 
specimens in terms of mean values and coefficients of variation. 103 
















Bending 30 420×50×60 
140×20 7.0 
SG8/SG8/SG8 
Shear 30 140×50×60 
DF35 
Bending 30 735×50×105 
195×35 5.6 
Shear 30 195×50×105 
DF45 
Bending 30 945×50×135 
195×45 4.3 
Shear 30 195×50×135 
RP20 
Bending 30 420×50×60 
195×20 9.8 
SG8/SG6/SG8 
Shear 30 195×50×60 
RP35 
Bending 30 735×50×105 
165×35 4.7 
Shear 30 165×50×105 
RP45 
Bending 30 945×50×135 
185×45 4.1 
Shear 30 185×50×135 
 105 
Table 2 Summary of density and moisture content  106 




Density (kg/m3) mean 489 453  
COV 6.3% 6.7% 
Moisture content  mean 9.4% 10.4% 
COV 13% 11% 
 107 
Short-span bending tests 108 
The bending specimens (B) were prepared, so that gap locations in the cross layers were random. A span-109 
to-depth ratio of 6 was used in these tests to induce high RS stresses in cross layers. The loading rates 110 
were 1, 2, and 2.5 mm/min for the specimens with 20, 35, and 45 mm-thick laminations, respectively. 111 
Thus, the failure time was controlled within 4 to 6 min. As shown in Figure 1, central point loading was 112 
applied. For simplicity, the specimens were named by combining timber species (DF/RP), lamination 113 
thickness (20 mm/35 mm/ 45mm) and test methods (B for short-span bending; S for modified planar 114 
shear). For example, DF20-B now refers to DF specimens with 20 mm thick laminations tested under 115 
short-span bending tests. 116 
 117 
Modified planar shear tests 118 
For planar shear specimens (S), the test setup was modified based on the test standard NZS 2269.1 (2012) 119 
which is used to evaluate shear-through-thickness properties of plywood. As shown in Figure 2a, 120 
traditional planar shear test jigs consist of four steel plates in two pairs fastened with plywood via small 121 
bolts. In this study, the jigs were shown in Figure 2b, which were modified to accommodate for thicker 122 
CLT and higher load level. Compared to the test jigs in Figure 2a, the length of the steel plates in Figure 123 
2b was increased, and screwed connections were used instead of small bolts to hold the steel plates and 124 
the test specimen in position. Two additional steel blocks were also installed on the top and bottom of the 125 
test jigs to apply the shear force by pressing the ends of the face layers in the opposite direction. The steel 126 
blocks will reduce the chance of having wood splitting in the face layers of the specimen caused by the 127 
screwed connections under high shear loads. One reinforcing solution to eliminate wood splitting along 128 
the screw line is to add short screws in the face layers along the perpendicular-to-grain direction. All the 129 
planar shear specimens were 50 mm wide. The length of the specimens was equal to the lamination width, 130 
while their thicknesses were the same as the corresponding CLT panel thicknesses. The specimens were 131 
prepared so that the face layers and the cross layers did not contain any gaps. The loading rate was 1 132 
mm/min so that the failure time was controlled in 4~8 min. Figure 3 shows the test photos of the DF 133 
specimens. Similarly, DF20-S now refers to the DF20 specimens tested under modified planar shear tests. 134 
 135 
3. Results & Discussions 136 
Failure modes 137 
During the short-span bending tests, bending failure occurred in 8 specimens before RS failure was 138 
observed. These specimens were not accounted in the statistics and extra specimens were tested to reach 139 
the sample size 30. The brittle RS failure was shown in Figure 4. Shear cracks were initiated in the cross 140 
layers with inclined angles about 30˚ ~ 60˚ with respect to the beam span direction. In some specimens, 141 
cracks further propagated to the glue lines between the layers. Because the laminations have various 142 
sawing patterns, shear cracks could propagate along the annual growth rings or cross the annual growth 143 
rings. A small number of specimens also experienced secondary tensile failures at the bottom edges at the 144 
ultimate loading stage.  145 
  As shown in Figure 5, the planar shear specimens had very similar RS failure modes to the bending 146 
specimens. One or multiple shear cracks with inclined angles with respect to the loading direction 147 
developed in the cross layers and propagated to the glue lines, which also caused a very brittle failure 148 
mode.  149 
Calculation of RS strength 150 
A number of composite beam theories can be used to derive the RS strength properties from the short-151 
span bending test results.  In ASTM D2718 standard, the classic beam theory with the assumption of 152 
parabolic shear stress distribution along beam depth is used. This assumption is however not suitable for 153 
CLT because cross layers of CLT have much lower MOE and shear modulus (G) values than longitudinal 154 
layers. Therefore, in this study, the RS strength calculation of the bending specimens followed the shear 155 
analogy method (Kreuzinger, 1999) which considers the influence of low RS modulus of the cross layers. 156 
Table 3 lists the input lamination stiffness properties for the shear analogy method. Based on the 157 
characteristic MOE of SG8 and SG6 timbers (NZS3603, 1993), the stiffness relationships E⊥≈E∥/30, G ≈ 158 
E∥/15, and GRS ≈ G/10 were assumed according to the CLT Handbook (2011), where E∥ is MOE parallel to 159 
grain, E⊥ is MOE perpendicular to grain and GRS is rolling shear modulus. The material was assumed to 160 
be transverse isotropic with the same properties along the radial and tangential directions. 161 
Table 3 Input stiffness properties of laminations for shear analogy calculation  162 
Lamination 
grade 
E∥(MPa) E⊥(MPa) G0(MPa) GRS(MPa) 
SG8 8000 267 533 53 
SG6 6000 200 400 40 
 163 




                                                                                                                                    Eq. (1) 165 
where Fmax is the peak load corresponding to the RS failure, θ is the angle between the loading direction 166 
and the orientation of the planar shear specimen, as shown in Figure 2b. θ of each group of specimens was 167 
calculated based on its length and thickness of layers. For RP20-S, RP35-S, RP45-S, DF20-S, DF35-S 168 
and DF45-S, θ was 4˚, 7˚, 9˚ , 4˚, 8˚ and 14˚, respectively. wl and dl are width and depth of the specimen, 169 
respectively. In this study, wl was equal to the lamination width, and dl was equal to 50 mm.  170 
Figure 6 shows the cumulative distributions of the RS strengths of six CLT configurations evaluated with 171 
two test methods. Table 4 summarises the statistics of the RS strengths of different test groups. The 172 
average RS strength value 𝜏𝑟𝑠,𝑚, coefficient of variation (COV) and characteristic RS strength value 𝜏𝑟𝑠,𝑘 173 
are listed. 𝜏𝑟𝑠,𝑘 was derived following Method 3 (non-parametric) in NZS 4063.2 (2010), as shown in Eq. 174 
(2). 175 
𝜏𝑟𝑠,𝑘 = (1 −
1.8×𝐶𝑂𝑉
√𝑛
) × 𝜏0.05                                                                                                              Eq. (2) 176 
where COV = coefficient of variation; n = sample size; and 𝜏0.05 is the non-parametric 5
th percentile value 177 
from the cumulative distribution curve. 178 





 Aspect ratio 
γ 
𝜏rs,m (MPa) COV 𝜏rs,k (MPa) 
DF20-B 30 7.0 2.51 11% 1.92 
DF35-B 30 5.6 1.60 16% 1.12 
DF45-B 30 4.3 1.35 17% 0.94 
DF20-S 30 7.0 2.45 (2%) 26% 1.46 (24%) 
DF35-S 30 5.6 1.69 (6%) 21% 1.08 (4%) 
DF45-S 30 4.3 1.43 (6%) 22% 0.95 (1%) 
RP20-B 30 9.8 2.45 14% 1.77 
RP35-B 30 4.7 1.97 13% 1.45 
RP45-B 30 4.1 1.67 15% 1.06 
RP20-S 30 9.8 2.33 (5%) 13% 1.84 (4%) 
RP35-S 30 4.7 1.99 (1%) 12% 1.49 (3%) 
RP45-S 30 4.1 1.65 (1%) 13% 1.20 (13%) 
Note: numbers in parentheses represent the difference of RS strengths evaluated by the modified planar 180 
shear tests relative to the strengths evaluated by the short-span bending tests 181 
Douglas-fir vs. Radiata pine  182 
Figure 7 shows the cumulative distributions of all DF and all RP specimens regardless of the test methods 183 
and the CLT layup. Table 5 presents a summary of mean and characteristic RS strengths of all the DF-B, 184 
DF-S, RP-B, RP-S specimens as well as all the DF and RP specimens. As shown in Table 5, combining 185 
the results from both test methods, the average RS strength of all DF specimens was 1.83 MPa, 9% lower 186 
than that of all RP specimens although the average density of the DF specimens was 8% higher than that 187 
of the RP specimens. Because of relatively higher variability among the DF specimens, the characteristic 188 
RS strength of all the DF specimens was 1.02 MPa, 24% lower than that of the RP specimens. In 189 
NZS3603 (1993), regardless of timber grade, the specified characteristic longitudinal shear (LS) strength 190 
for DF timber is 3.0 MPa, 21% lower than that of RP timber (3.8 MPa). The difference of RS strength 191 
between the DF specimens and the RP specimens were consistent with the LS strength difference in 192 
NZS3603.  193 




𝜏rs,m (MPa) COV 𝜏rs,k (MPa) 
All DF-B 90 1.82 31% 1.03 
All DF-S 90 1.86 (2%) 32% 0.99 (4%) 
All RP-B 90 2.03 21% 1.42 
All RP-S 90 1.99 (2%) 19% 1.39 (2%) 
ALL DF 180 1.83 31% 1.02 
ALL RP 180 2.01 20% 1.35 
Note: numbers in parentheses represent the difference of RS strengths evaluated by modified planar shear 195 
tests relative to the strengths evaluated by the short-span bending tests 196 
It is well recognized that the shear strength of wood is sensitive to defects such as splits and cracks that 197 
may be caused by growth stresses or moisture change. When drying from green to moisture content of 198 
12%, DF has shrinkage rates of 4.9% and 2.8% along the tangential and radial directions, respectively; 199 
and for RP, they are 3.9% and 2.1%, respectively (Buchanan, 2007). The differences of the shrinkage 200 
rates indicate that more drying checks are likely to be formed in DF and these drying cracks can reduce 201 
shear strength. Another factor that may affect the RS strength is the density difference between earlywood 202 
and latewood in timber. According to New Zealand Pine User Guide (WMPA, 1996), the average 203 
densities of earlywood and latewood in RP are 350 kg/m3 and 550 kg/m3, while those of DF are 300 204 
kg/m3 and 690 kg/m3, respectively. Despite the higher overall density, the lower density earlywood and 205 
higher inhomogeneity between the earlywood and latewood in DF may explain the lower shear strength 206 
of the DF specimens compared with the RP specimens.  207 
Influence of lamination aspect ratio γ 208 
For CLT manufactured with Norway spruce, Ehrhart (2014) proposed Eq. (3) to establish a linear 209 
relationship between the γ ratio and characteristic RS strength τrs,k. But it also sets the strength limit of 1.4 210 
MPa for γ≥4. Thus, the equation does not acknowledge the benefit of using timber laminations with high 211 
aspect ratios.  212 
𝜏𝑟𝑠,𝑘 = min {
0.2 + 0.3𝛾
1.4
                                                                                                                       Eq. (3) 213 
As shown in Figure 8, τrs,k of the DF and RP specimens evaluated by both test methods, however, showed 214 
a significant impact of the γ factor on the RS strength when γ exceeded 4 within in a range of 4.1-9.8. 215 
Laminations with large γ ratios led to higher RS strength. Based on the two lower bound characteristic 216 
strength values, linear equations Eq. (4) and Eq. (5) can be conservatively established for the RP 217 
specimens and the DF specimens, respectively, as plotted in Figure 8 as well. However, Eq.(4) and Eq.(5) 218 
are based on short-term experimental tests. For long-term RS strength, long-term factor should be used to 219 
reduce the strength due to the crack’s development and moisture change. Further research is needed for 220 
the suitable value of long-term factor.  221 
𝜏𝑟𝑠,𝑘,𝑅𝑃 = 0.6 + 0.12𝛾 (MPa) for 4≤γ≤10                    Eq. (4) 222 
𝜏𝑟𝑠,𝑘,𝐷𝐹 = 0.3 + 0.15𝛾 (MPa) for 4≤γ≤10        Eq. (5) 223 
Short-span bending test vs. modified planar shear test 224 
As shown in Table 4, the difference of τrs,m evaluated by two methods ranged between 1% and 6% . The 225 
two-sample t-test was used to check the results between two test methods. The null hypothesis H0 was 226 
that no difference between the mean values of two test methods and the alternative hypothesis H1 was that 227 
there was difference between the mean value of two test methods. The significant level  was set as 0.05. 228 
The p values for DF20, DF35 and DF45 were 0.62, 0.51 and 0.46, respectively. Because all p values were 229 
higher than 0.05, H0 was accepted, which means that two different test methods yielded comparable mean 230 
RS strengths in this study. The difference of characteristic RS strength τrs,k ranged between 1% and 24%. 231 
The high difference of τrs,k for the DF20 specimens was mainly caused by high variability among the 232 
group of DF20-S specimens (COV=0.26) although the average strength τrs,m of the DF20-S specimens 233 
was only 2% lower than that of the DF20-B specimens.  234 
Finite element models 235 
To further investigate the influence of different test configurations and boundary conditions, linear 236 
elastic finite element (FE) models were developed using a commercial software package ABAQUS 6.14 237 
(2014). Six DF specimens DF20-B, DF20-S, DF35-B, DF35-S, DF45-B, and DF45-S were selected and 238 
modelled following the specimen geometries listed in Table 1. Solid 3-D elements (C3D8R) were used 239 
for the specimens. The meshing size was 5 mm for DF35-B and DF45-B specimens and 4 mm for the rest 240 
of specimens. Due to the mixed sawing patterns in the laminations, transverse isotropic material 241 
properties were assumed, and the average properties between the tangential and radial directions of the 242 
DF timber were used. Rigid bonding between CLT layers was also assumed by defining face layers and 243 
cross layers’ connections as tie constraints. Gaps between the laminations in the cross layers were 244 
considered as no contacts in models. 245 
Average peak loads of each test group were applied to the models. For the bending specimens, the load 246 
was applied at the mid-span with a loading area of 30×50 mm for the DF20-B model and 60×50 mm for 247 
the DF35-B and DF45-B models to consider different loading head sizes used in the testing. To simulate 248 
the loading mechanism of the steel blocks in the modified planar shear test setup, the compressive load 249 
and restraints were applied on the upper end and the lower end of the face layers, respectively. Table 6 250 
lists the input properties of the DF laminations with SG8 grade according to NZS3603 (1993) and Wood 251 
Handbook (2010). 252 
Table 6 Input elastic properties of DF laminations 253 
DF grade  Modulus (MPa) Poisson’s ratios 
EL ET ER GLR GLT GRT νLR νLT νRT 
SG8 8000 267 267 533 533 53 0.29 0.29 0.39 
 254 
Figure 9 through Figure 11 show the results of non-uniform distributions of RS stresses (S23) and normal 255 
stresses perpendicular to grain (S33) in the cross layers of the DF20-B, DF35-B, and DF45-B specimens 256 
subjected to the average peak loads obtained from the tests. It should be noted that S33 stress distributions 257 
are illustrated by the middle layer of elements (4~5 mm thick) in the cross layers. The RS stresses in the 258 
vicinity of the gaps were very small due to the shear stress release around the free edges. Also, the RS 259 
stress level under the central loading point was low compared with the other parts of the cross layers. 260 
Such stress distribution agreed well with the test observation that the RS failures typically occurred at a 261 
certain distance from the gaps and away from the central loading point, as has been shown in Figure 4. 262 
The vast majority of the cross layers was also loaded in compression perpendicular to grain, and 263 
compressive stresses had a range of 1.2 ~ 2.5 MPa, mainly near the central point loading area. In 264 
NZS3603, regardless of timber grade, the characteristic perpendicular-to-grain compressive strength of 265 
DF and RP timber is 8.9 MPa. Therefore, such a low compressive stress level will unlikely cause any 266 
damage. Although tensile stress perpendicular to grain up to 1.1 MPa was observed in the cross layers, 267 
this stress level was well below the average strength of 2.3 MPa for DF according to Wood Handbook 268 
(2010). Also, the tensile stresses might also be caused by the sharp change of the lamination geometry 269 
due to the gaps in the FE models in term of that no tensile damage perpendicular to grain was observed 270 
around these gaps during tests.  271 
Figure 12 shows the distributions of RS stresses (S23) and normal stresses perpendicular to grain (S33) in 272 
the cross layers of the DF20-S, DF35-S and DF45-S models, respectively. Similarly, S33 stress 273 
distributions are illustrated by the middle layer of elements (4~5 mm thick) in the cross layers. The vast 274 
majority of the cross layers experienced high RS stresses except for the free edges where the shear stress 275 
release occurred. The maximum compressive stresses perpendicular to grain were observed in a range of 276 
1.5~3.3 MPa, and the maximum tensile stress perpendicular to grain was about 0.3 MPa. These stress 277 
levels were well below the characteristic strengths of DF timber.  The RS stress distributions agreed well 278 
with the test observation that the inclined shear cracks were initialized with a certain distance from the 279 
free edges, as shown in Figure 5. 280 
Table 7 provides a comparison of average RS strength of the DF specimens evaluated by the FE models 281 
and the calculation methods. Since the FE models were able to capture the non-uniform RS stress 282 
distributions caused by the stress release around the gaps / free edges while the calculation methods had 283 
the assumption of homogeneous material properties and uniform stress distributions, the FE results were 284 
found to be 3~17% higher than the calculation results with an average of 8%. The overall normal stresses 285 
perpendicular to the grain were found to be at a very low level in both test methods although there were 286 
local stress concentrations near free edge/gaps in both test configurations. However, in term of that no 287 
significant failure was initiated at those locations during tests, the high normal stresses were mainly from 288 
the limitation of the FE models such as sharp change of the lamination geometry and hard contact 289 
interface. Therefore, it was believed that the normal stresses perpendicular to grain in the cross layers 290 
have a negligible impact on the RS evaluations by these two test methods. The comparable RS strength 291 
results were observed in this study. 292 
Table 7 Comparison of average RS strengths evaluated by calculation methods and FE modelling  293 






DF20-B 2.51 2.59 3% 
DF35-B 1.60 1.71 7% 
DF45-B 1.35 1.44 7% 
DF20-S 2.45 2.87 17% 
DF35-S 1.69 1.82 8% 
DF45-S 1.43 1.57 9% 
 294 
4. Conclusions  295 
In this study, RS strength properties of Douglas-fir and Radiata pine CLT specimens were evaluated by 296 
short-span bending tests and modified planar shear tests. Numerical models were also developed to study 297 
the influence of the two different test methods on RS strength evaluations. The main findings are listed as 298 
follows: 299 
 The RP specimens had higher rolling shear strength than the DF specimens although their average 300 
density was lower than that of the DF specimens. It may be attributed to the higher 301 
inhomogeneity between earlywood and latewood in DF, and the presence of drying cracks in the 302 
DF specimens. 303 
 Both test methods showed a positive relationship between the lamination aspect ratio γ and the 304 
RS strength when γ exceeded 4. Based on the lower bound strengths, two linear equations were 305 
established to approximately correlate the lamination aspect ratio and the characteristic RS 306 
strength for the DF specimens and the RP specimens, respectively. Based on this, higher RS 307 
strength for CLT manufactured with lamination aspect ratios exceeding 4 can be specified.  308 
 Short-span bending tests and modified planar shear tests generally yielded comparable RS 309 
strength properties although these two test methods have different test configurations and 310 
boundary conditions. The FE modelling results of the DF specimens indicated both test methods 311 
were able to introduce high RS stresses in the specimens and the influence of normal stresses 312 
perpendicular to grain in the cross layers was not significant. Therefore, both methods are suitable 313 
for evaluating RS strength of CLT.  314 
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DF20 Bending 30 420×50×60 140×20 7.0 SG8/SG8/SG8 
Shear 30 140×50×60 
DF35 Bending 30 735×50×105 195×35 5.6 
Shear 30 195×50×105 
DF45 Bending 30 945×50×135 195×45 4.3 
Shear 30 195×50×135 
RP20 Bending 30 420×50×60 195×20 9.8 SG8/SG6/SG8 
Shear 30 195×50×60 
RP35 Bending 30 735×50×105 165×35 4.7 
Shear 30 165×50×105 
RP45 Bending 30 945×50×135 185×45 4.1 
Shear 30 185×50×135 
 
Table 2 Summary of density and moisture content  




Density (kg/m3) mean 489 453  
COV 6.3% 6.7% 
Moisture content  mean 9.4% 10.4% 
COV 13% 11% 
 
                                                              
Table 3 Input stiffness properties of laminations for shear analogy calculation  
Lamination 
grade 
E∥(MPa) E⊥(MPa) G0(MPa) GRS(MPa) 
SG8 8000 267 533 53 
SG6 6000 200 400 40 
 





 Aspect ratio 
γ 
𝜏rs,m (MPa) COV 𝜏rs,k (MPa) 
DF20-B 30 7.0 2.51 11% 1.92 
DF35-B 30 5.6 1.60 16% 1.12 
DF45-B 30 4.3 1.35 17% 0.94 
DF20-S 30 7.0 2.45 (2%) 26% 1.46 (24%) 
DF35-S 30 5.6 1.69 (6%) 21% 1.08 (4%) 
DF45-S 30 4.3 1.43 (6%) 22% 0.95 (1%) 
RP20-B 30 9.8 2.45 14% 1.77 
RP35-B 30 4.7 1.97 13% 1.45 
RP45-B 30 4.1 1.67 15% 1.06 
RP20-S 30 9.8 2.33 (5%) 13% 1.84 (4%) 
Table Click here to access/download;Table;Tables.docx
RP35-S 30 4.7 1.99 (1%) 12% 1.49 (3%) 
RP45-S 30 4.1 1.65 (1%) 13% 1.20 (13%) 
Note: numbers in parentheses represent the difference of RS strengths evaluated by the modified planar 
shear tests relative to the strengths evaluated by the short-span bending tests 
 




𝜏rs,m (MPa) COV 𝜏rs,k (MPa) 
All DF-B 90 1.82 31% 1.03 
All DF-S 90 1.86 (2%) 32% 0.99 (4%) 
All RP-B 90 2.03 21% 1.42 
All RP-S 90 1.99 (2%) 19% 1.39 (2%) 
ALL DF 180 1.83 31% 1.02 
ALL RP 180 2.01 20% 1.35 
Note: numbers in parentheses represent the difference of RS strengths evaluated by modified planar shear 
tests relative to the strengths evaluated by the short-span bending tests 
 
Table 6 Input elastic properties of DF laminations 
DF grade 
 Modulus (MPa) Poisson’s ratios 
EL ET ER GLR GLT GRT νLR νLT νRT 
SG8 8000 267 267 533 533 53 0.29 0.29 0.39 
 
 








DF20-B 2.51 2.59 3% 
DF35-B 1.60 1.71 7% 
DF45-B 1.35 1.44 7% 
DF20-S 2.45 2.87 17% 
DF35-S 1.69 1.82 8% 
DF45-S 1.43 1.57 9% 
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14) Comment 2.14: Can you tell from the FE analysis if the proposed eq. 4 and 5 are "physically 
correct"? 
Reply 2.14: The models we developed were linear elastic models with the main objective to 
investigate the influence of the test configuration/methods on RS evaluations and to get 
information about the stress distribution (shear stresses but also compression and tension 
stresses perpendicular to the grain) within the specimen when using certain test configurations 
and geometries. We extracted the ultimate forces from the experimental tests and then applied 
them on the elastic models to get the failure stresses. The models have limitations to predict 
failure loads of the CLT specimens with other configurations since we need to well 
understand the failure criteria of the wood we used and this needs more investigations. 
 
 
15) Comment 2.15: [Line 235-242]: can you give more information about the element type, mesh 
size, and so on? Also, with regard to your statement in [line280] I think it is crucial to 
consider the element size when talking about local stresses like the "maximum tensile stress 
perp to grain" of 0.3MPa. Mestek (2011) and Ehrhart (2016) reported about cracks in this 
zone. In this respect, it would also be interesting to know which angle omega you have used. 
Reply 1.15: Relative information has been added in the paper. 
   
 
16) Comment 2.16: In [lines 275-283] you say that the S33 stresses are shown for a 4mm thick 
layer but you do not mention where this layer is (in the middle of the specimen or directly at 
the plywood)? Again, I wonder why you did not find any issues with tension perp to grain. 
(figures 9-12). 
Reply 2.16: This has been clarified in the paper. 
 
17) Comment 2.17: Figures 9-12: Is it possible to define the scale to get rid of the random 
decimal digits (e.g. 2.5 instead of 2.586)? 
Reply 2.17: Addressed. 
 
18) Comment 2.18: [Line 289] "listed" vs. "lists" 
Reply 2.18: Addressed.  
 
19) Comment 2.19: [Line 297-299] "Therefore, it was believed …" I recommend to rewrite this 
sentence to be more precise and clear. 
Reply 2.19: Addressed. 
 
20) Comment 2.20: In [lines 309-310] you say that you had "…more drying cracks…" Are these 
cracks not to be seen similar to gaps between boards when talking about the gamma value 
w/t? If you have cracks or expect them during the lifetime of a building, would you actually 
recommend to use very high (characteristic) rolling shear strengths (of up to 1.8) and take into 
account w/t ratios of more than e.g. 4 or 6? 
Reply 2.20: We didn’t consider the cracks as gaps in our calculations because these cracks 
were mostly surface cracks caused by drying and didn’t penetrate through the whole section. 
We think treating them as gaps is not very appropriate. In NZ standard NZS3603, we use a 
long-term strength reduction factor of 0.6 to consider the long-term effect. 
 
Response for reviewer #3 
1) Comment 3.1: [Line-2] The reviewer suggested to modify “cross laminated” to cross-
laminated in title and keywords for consistency. 
Reply 3.1: Addressed. 
 
2) Comment 3.2: [Line 27] “adhesive systems” to structural adhesive systems. 
Reply 3.2: Addressed. 
 
3) Comment 3.3: [Line 32] delete "serviceability limit state (stiffness) design and" 
Reply 3.3: Addressed. 
 
4) Comment 3.4: [Line 38]  “rs,k” to “rs,k value” 
Reply 3.4: Addressed.  
 
5) Comment 3.5: [Line 77] “This study is to” to “The objective of this study is to”  
Reply 3.5: Addressed. 
 
6) Comment 3.6: [Line 79] “It also examines” to “The study also examines” 
Reply 3.6: Addressed. 
 
7) Comment 3.7: [Line 92] “MOE” to “Modulus of Elasticity (MOE)” 
Reply 3.7: Addressed. 
 
8) Comment 3.8: [Line 95-101] How did you sample the test samples? Can you add more 
details? 
Reply 3.8: We added the sample process in the paper. 
 
9) Comment 3.9: [Line 104] The reviewer suggests to use % for COV. 
Reply 3.9: Addressed. 
 
10) Comment 3.10: [Line 157] “E” to “MOE” and “G” to “shear modulus (G)” 
Reply 3.10: Addressed. 
 
11) Comment 3.11: [Line 168] What angle was used? Was this variable or fixed for the various 
thicknesses? Please clarify! 
Reply 3.11: Relative information has been added in the paper. 
 
 
12) Comment 3.12: [Line 182-183] “Figure 6” to “Figure 6.” and “Table 4” to “Table 4.”. The 
reviewer also suggested to say that τrs,m was average and modified COV to %. 
Reply 3.12: Addressed. 
 
13) Comment 3.13: [Line 183] The reviewer mentioned that the difference of τrs,k from two 
different methods for DF20 was significant.  
Reply 3.13: the characteristic value τrs,k can be calculated according to B2.4 in ASNZS 
4063.2:2010. For DF20-B and DF20-S, the τrs,m was close but the COV and  5th percentile 
strength  τ0.05 was quite different. Especially for DF20-S, τ0.05  was quite low, which caused a 




14) Comment 3.14: [Line 205-206] “The differences of the shrinkage rates indicate that more 
drying checks those can reduce shear strength are likely to be formed in DF” to “The 
differences of the shrinkage rates indicate that more drying checks are likely to be formed in 
DF which can reduce shear strength” 
Reply 3.14: Addressed. 
 
 
15) Comment 3.15: [Line 231-234] How could the DF-45-S group have a high variability in the 
COV (22%) but yet low variability in the τrs,k of 1% from Table 4? 
Reply 3.15: The characteristic value τrs,k not only depends on COV but also 5th percentile 
strength τ0.05  and mean values τrs,m. For DF45-B and DF45-S, three of them are similar, which 
produced very closed τrs,k. Therefore, the difference of τrs,k between two test methods was only 
1%.  
 
16)  Comment 3.16: [Line 275] “perp” to “perpendicular” 
Reply 3.16: Addressed. 
 
 
17) Comment 3.17: [Line 289] “listed the” to “provides a comparison” 
Reply 3.17: Addressed. 
 
 
18) Comment 3.18: [Line 300] “modelling” to “modeling” 
Reply 3.18: Addressed. 
 
19) Comment 3.19: [Line 309-310] “and more drying cracks existed in the DF specimens” to 
“and presence of drying cracks in the DF specimens” 
Reply 3.19: Addressed. 
 
 
20) Comment 3.20: [Line 314-315] “By doing so, it can specify higher RS strength for CLT 
manufactured with laminations with aspect ratios exceeding 4 ” to “Based on this, higher RS 
strength for CLT manufactured with laminations with aspect ratios exceeding 4 can be 
specified” 
Reply 3.20: Addressed. 
 
21) Comment 3.21: [Line 316] “Shear tests yielded comparable” to “Shear tests generally 
yielded comparable” 
Reply 3.21: Addressed.  
